Abstract. Osteonecrosis, also termed aseptic necrosis, is the cellular death of bone components due to interruption of the blood supply. Glucocorticoid (GC) therapy is a common non-traumatic cause of osteonecrosis. However, the mechanism by which GCs induce osteonecrosis remains to be elucidated. The aim of the present study was to investigate the effects of GCs on osteoclast and osteoblast differentiation and function in a GC-induced osteonecrosis mouse model. BALB/c male mice (n=40; 4-weeks-old) were treated with dexamethasone and asparaginase for 8 weeks. The control group (n=20) was administered normal saline. The results demonstrated that the GC-treated group had a lower mean weight compared with the control group. Morphologically, 16/37 (43%) mice demonstrated significant osteonecrotic lesions in the GC-treated group. However, osteonecrotic lesions were not observed in the mice of the control group. Furthermore, immunohistochemistry demonstrated that the GC-treated group had a higher level of osteoprotegerin compared with the control group, without any change in the expression of receptor activator of nuclear factor-κB ligand. In addition, tartarate-resistant acid-phosphatase staining demonstrated significantly decreased osteoclasts in the areas of bone destruction in the GCs-treated group. Furthermore, the present study demonstrated that GCs increased expression levels of osterix and osteocalcin, and decreased expression of matrix metallopeptidase-9 to regulate the differentiation and function of osteoblasts and osteoclasts. The results of the present study suggested that GCs influence bone remolding resulting in decreased osteoclasts formation/differentiation. Therefore, regulating the differentiation and activity of the osteoclasts may be beneficial to the control and treatment of osteonecrosis.
Introduction
Osteonecrosis is a disease caused by reduced blood flow to the joints, leading to bone necrosis, and gradually disability, despite treatment. In healthy individuals, the bone breaks down and rebuilds into a new bone, while the old bone is resorbed and replaced. The process maintains the skeleton strong and aids in maintaining a balance of minerals. However, in the process of osteonecrosis, the healing process is usually ineffective, as the bone tissue breaks down faster than the body's ability to repair it. If left untreated, the disease progresses, the bone collapses (1) and the joint surface breaks down, leading to pain and arthritis.
Although osteonecrosis is demonstrated in numerous parts of the human skeleton, the femoral head is the most commonly affected bone. The incidence rate of osteonecrosis is increasing worldwide and further research is being performed. However, the pathogenesis of the disease remains unclear despite decades of research. Various theories have been proposed to analyze the pathophysiological mechanisms of the disease, including fat embolism in the microcirculation or intravascular coagulation, and intraosseous hypertension (2) . These theories are not only mutually exclusive, but support each other in various cases (3) . The proposed risk factors include chemotherapy, alcoholism (4) , excessive steroid use (5), post-trauma (6,7), caisson disease (2), vascular compression (8) , hypertension, vasculitis, arterial embolism and thrombosis, damage from radiation, bisphosphonates (9) , sickle cell anemia (10) and Gaucher's Disease.
Glucocorticoid (GC) therapy is a non-traumatic cause of osteonecrosis. The prevalent hypothesis is that hypertrophy of bone-marrow adipocytes leads to an increase in bone-marrow pressure, resulting in reduced blood flow in the sinusoids and ischemia. GCs may have a direct toxic effect on bone cells and serve an important role in bone cell apoptosis. This hypothesis may explain the incidence of osteonecrosis in patients with diseases that require long-term glucocorticoid treatment, including leukemia or connective tissue diseases (11) . In the process of bone necrosis, the effect of GCs on bone remolding or GC treatment on osteoclasts and osteoblasts, and the mechanisms underlying this remains to be elucidated.
The aim of the present study was to investigate the effects of GCs on osteoclast and osteoblast differentiation, and function in a GCs-induced osteonecrosis mice model. Dexamethasone and asparaginase were utilized for treatments, as they are widely used in the clinical treatment of leukemia. BALB/c male mice (n=40; 4-weeks-old) were treated with 0.4 mg/kg/day dexamethasone and 7,500 IU/kg/week asparaginase for 8 weeks. At the same time, the control group (n=20) was treated with normal saline through identical administration. The weight of the mice was determined and compared between the GCs-treated and the control groups. The morphological changes induced by dexamethasone and asparaginase were observed using hematoxylin and eosin (H&E) staining. Furthermore, alterations in the expression levels of the receptor activator of nuclear factor-κB ligand (RANKL) and osteoprotegerin (OPG) were determined with immunohistochemistry, and the tartarate-resistant acid-phosphatase (TRAP) staining was utilized to identify osteoclasts. Finally, osterix, Runx2, osteocalcin and matrix metallopeptidase (MMP)-9 are associated with differentiation and the activity of osteoclasts and osteoblasts. Therefore, their mRNA expression levels were assessed with quantitative polymerase chain reaction (qPCR). The results demonstrated that dexamethasone and asparaginase influence the bone remolding and result in decreased osteoclasts formation/differentiation. The data suggested that GCs reduce the ability of osteoclasts to reabsorb the 'old bone' to a certain extent. Therefore, regulating the differentiation and activity of the osteoclasts may be beneficial to the control and treatment of osteonecrosis. Animals and diet. BALB/c male mice (30 g; n=60; 4-weeks-old; Beijing HFK Bioscience Co., Ltd) were tagged and bred in plastic cages (5 mice/cage) under standard laboratory conditions with a 12 h light/dark cycles, at a constant temperature of 20˚C and humidity of 48%. Food and water were provided ad libitum. The mice received a low-folate diet or a standard rodent diet, according to the experimental design. The mice were weighted daily until the end of the experiment. All experiments were performed under an animal protocol approved by the Laboratory Animal Committee of the China Medical University. After 8 weeks, mice from both groups were sacrificed under isoflurane anesthesia (Shanghai Xin Yu Biotech Co., Ltd., Shanghai, China).
Materials and methods

Reagents
GCs and asparaginase administration. Mice were randomly divided into two groups as follows: i) Control, 20 mice treated with saline; ii) GC-treated, 40 mice treated with dexamethasone (0.4 mg/kg/day; intragastric) and asparaginase (7,500 IU/kg/week; intraperitoneally) for 8 weeks.
Tissue collection and pre-treatment. The left femur specimens from each group were collected and trimmed of excess tissue, and fixed in 10% neutral buffer formalin (Shanghai Xin Yu Biotech Co., Ltd.) for 48 h at room temperature (RT). Bone specimens were decalcified in 10% ethylenediaminetetraacetic acid solution for 2 weeks at RT. The tissues were subsequently placed in 70% ethanol and embedded in paraffin.
H&E staining. Tissue sections (5 µm) were obtained and stained using H&E for routine morphological analysis. Briefly, the sections were deparaffinized in xylene (Shanghai Xin Yu Biotech Co., Ltd.), rehydrated with graded alcohol (Shanghai Xin Yu Biotech Co., Ltd.) and washed three times in distilled water. Subsequent to the washes, hematoxylin (Shanghai Xin Yu Biotech Co., Ltd.) was utilized to stain for nuclei for 2 min. The sections were then rinsed in running tap water and differentiated with 0.3% acid alcohol (Shanghai Xin Yu Biotech Co., Ltd.). Following rinsing, the sections were stained with eosin (Shanghai Xin Yu Biotech Co., Ltd.) for 2 min, dehydrated in ethanol and mounted. Osteonecrosis was defined using the following criteria: Empty lacunae, pyknotic nuclei of ghost osteocytes in the bone trabeculae and necrosis of the adjacent marrow (12) (13) (14) . Mice with ≥1 osteonecrotic lesions were considered positive for osteonecrosis and those with no osteonecrotic lesions were considered negative.
Bone immunohistochemistry for RANKL and OPG expression, and TRAP staining. Bone immunohistochemistry for RANKL and OPG expression were assessed, as previously described (15) . Rabbit polyclonal RANKL (1:3,000; cat. no. ab9957; Abcam, Cambridge, MA, USA) and OPG primary antibodies (1:1,00; cat. no. ab183910; Abcam) were used for the staining of paraffin-embedded bone sections. Subsequently, the sections were incubated with peroxidase-coupled goat anti-rabbit secondary antibody (1:200; cat. no. ab97051; Abcam) at 37˚C for 2 h. Additional bone sections were stained cytochemically for TRAP activity. A TRAP/ALP stain kit was used for TRAP staining of paraffin-embedded bone sections as follows: Section (4 µm), drying, staining and mounting. Images of RANKL, OPG and TRAP sections were digitally captured with a Nikon DS-Fi1 camera (Nikon Corporation, Tokyo, Japan) linked to an Olympus BX-51 microscope (Olympus, Tokyo, Japan) attached to a computer with the NIS-Elements F software, version 4.3 (Nikon Corporation). The expression levels of RANKL and OPG were determined by measuring the optical density and relative area of staining, respectively. The number of TRAP positive multinucleated cells, along with the trabecular bone length, were subsequently enumerated and expressed as osteoclasts per millimeter of trabecular bone length.
qPCR. The right femurs were crushed under liquid nitrogen conditions using a Kinematica tissue pulverizer (Shanghai Xin Yu Biotech Co., Ltd.) and RNA was isolated using RNeasy Mini kit, according to the manufacturer's protocol (Qiagen, Inc., Valencia, CA, USA). The total RNA concentration was assessed using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The mRNA expression levels of the genes encoding osterix, osteocalcin, MMP-9 and runt-related transcription factor 2 (Runx2)/core-binding factor α1 (Cbfa1) were measured by qPCR. qPCR was performed using the Stratagene Mx3000P qPCR system (Qiagen, Inc., Valencia, CA, USA), according to the manufacturer's protocol and SYBR Bio Premix Ex Taq (Takara Biotechnology Co., Ltd., Dalian, China) as a DNA-specific fluorescent dye. qPCR was performed for 50 cycles of 95˚C for 10 sec and 60˚C for 30 sec. Primer sequences were as follows: Osterix, sense: 5'-CGC ATC TGA AAG CCC ACTTG-3' and antisense 5'-CAG CTC GTC AGA GCG AGTGAA-3'; osteocalcin, sense: 5'-CTT GAA GAC CGC CTAC AAAC-3' and antisense: 5'-GCT GCTG TGA CAT CCA TAC-3'; MMP-9, sense: 5'-CCA TGC ACT GGG CTT AGA TCA-3' and antisense: 5'-GGC CTT GGG TCA GGC TTAGA-3'; Runx2, sense: 5'-TGG ACC TTT CCA GAC CAG CAGCA-3' and antisense: 5'-GGC AAG TTT GGG TTT AGC AGCGT-3'; GAPDH, sense: 5'-TCG TGC GTG ACA TTA AGGAG-3' and antisense 5'-ATG CCA GGG TAC ATG GTGGT-3'. All reactions were repeated a minimum of three times. mRNA expression levels were normalized against the housekeeping gene, GAPDH, using the Stratagene Mx3000P software (Agilent Technologies, Inc., Santa Clara, CA, USA) and fold changes were calculated using the 2 -ΔΔCq normalization method (16) .
Statistical A n alysis. Dat a a re expressed as t he mean ± standard deviation. Statistical analysis of the data was performed using one-way analysis of variance with the SPSS software, version 11.5 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference. All experiments were repeated a minimum of three times.
Results
Effect of GC treatment on mice weight. The survival rate of the GC-treated group (92.5%; 37/40 mice), prior to mice sacrifice, indicated no significant difference compared with the control group (95%; 19/20 mice; P>0.05). Furthermore, as demonstrated in Fig. 1 , the mean weight of mice for the same time period in the GC-treated group (19.8±1.9 g) was significantly lower compared with those of mice in the control group (25.6±1.5 g) after 8 weeks of treatment (P<0.05).
Effect of GCs treatment on the histological morphology of bone formation. All mice were sacrificed under isoflurane anesthesia after the 8 week experimental period. The left femur specimens were collected and the histological changes of femur specimens were observed under a light microscope. Osteonecrosis was observed in 16/37 mice (43%) in the GC-treated group, and no osteonecrotic lesions were observed in the control group. Fig. 2 shows the histopathological appearance of the femoral head following H&E staining. Empty lacunae within the necrotic bone trabeculae, bone marrow cells, including adipocytic necrosis, and an accumulation of cell debris in the medullary space in most areas of the femoral head were observed after 8 weeks in the GC-treated group (Fig. 2) .
Effect of GCs treatment on the expression levels of RANKL
and OPG, as measured by immunohistochemistry. RANKL and OPG are essential for the regulation of various features of osteoclast functions, including proliferation, differentiation, fusion, activation and apoptosis (17) . In particular, the balance between OPG and RANKL was demonstrated to modulate bone formation and resorption (18) . Therefore, the cellular localization and protein expression of RANKL and OPG was assessed by immunohistochemistry. As demonstrated in Fig. 3 , a lower positivity for OPG was observed in the control group compared with the higher OPG staining in the GC-treated group (P<0.05). No significant difference was indicated for the expression of RANKL between the GC-treated and the control groups (P>0.05; Fig. 4 ). These results indicated that the greater expression of OPG inhibited osteoclastogenesis following dexamethasone and asparaginase treatment.
GC treatment inhibits osteoclast differentiation.
To confirm the effect of GC treatment on the number of osteoclasts, the femoral head sections were stained with TRAP. Only TRAP-positive multinucleated cells located at the bone surface within the bone destruction were considered to be osteoclasts. Compared with the control group, the number of osteoclasts in the areas of bone destruction was significantly decreased in the GC-treated group (P<0.05; Fig. 5 ). These results indicated that GC treatment inhibited osteoclast differentiation and function.
GCs treatment increases the mRNA expression levels of osterix and osteocalcin, and decreases the expression of MMP-9 to regulate the differentiation and function of osteoblasts and osteoclasts.
In order to identify the in-depth mechanism by which GCs regulate osteoclast differentiation, the mRNA expression levels of Runx2, osterix, osteocalcin and MMP-9 were determined. Runx2 is essential for osteoblastic differentiation and skeletal morphogenesis, and acts as a scaffold for nucleic acids and regulatory factors involved in skeletal gene expression. Osterix is a zinc finger-containing transcription factor expressed in osteoblasts that serves a role in the osteoblast differentiation pathway. It was suggested that Runx2 acts upstream of osterix, as previous studies demonstrated that in Runx2-null mice, osterix is not expressed, whereas in osterix null mice, Runx2 is expressed (19) . As demonstrated in Fig. 6 , the relative mRNA expression of Runx2 in the GC-treated group remained unchanged compared with the control group. In addition, the relative mRNA expression of osterix was increased in the GC-treated group compared with the control group (P<0.05; Fig. 6 ). The results indicated that GC treatment promoted osteoblast differentiation in the late stage, however had no effect on osteoblast differentiation in the early stage.
Furthermore, osteocalcin is secreted solely by osteoblasts, is pro-osteoblastic, or bone-building, by nature, and may serve a role in the body's metabolic regulation (20) . In addition, it is implicated in bone mineralization and calcium ion homeostasis (21) . MMP belongs to the zinc-binding endopeptidase enzyme family and is essential for extracellular matrix degradation in a variety of organs, including bones. In particular, high expression of MMP-9 by osteoclasts has an important role in the degradation of the extracellular matrix. As demonstrated in Fig. 6 , the GC-treated group exhibited a higher level of osteocalcin and a lower level of MMP-9 compared with the control group (P<0.05). The results demonstrated that GC treatment has an inhibitory effect on osteoclast differentiation and function.
Discussion
The pathophysiology of non-traumatic osteonecrosis is more complex compared with traumatic osteonecrosis. As a common cause of non-traumatic osteonecrosis, GCs affect various steps of Figure 3 . Effect of GC treatment on the expression of OPG. Cellular localization and protein expression of OPG were measured using immunohistochemistry. A lower expression of OPG was observed in the control group. The data are presented as the mean ± standard deviation ( * P<0.05, vs. the control group). GC, glucocorticoid; OPG; osteoprotegerin; intracellular optic density value of immunohistochemical staining. Figure 2 . Effect of GCs on the histological morphology of bone formation. Histological changes of femur specimens were observed by hematoxylin and eosin staining under a light microscope. In the GC-treated group, an empty lacunae within the necrotic bone trabeculae, bone marrow cells, including adipocytic necrosis and an accumulation of cell debris in the medullary space in most areas of the femoral head, were observed in 16/37 (43%) mice. No lesions were observed in the control group. GC, glucocorticoid. Figure 6 . Effect of GC treatment on the mRNA expression of Runx2, osterix, osteocalcin and MMP-9, as measured by quantitative polymerase chain reaction. The mRNA expression levels of (A) MMP-9 increased, (B) of Runx2 remained the same and the expression levels of (C) osteocalcin and (D) osterix increased in the GC-treated group. The data are presented as the mean ± standard deviation ( * P<0.05, vs. the control group). MMP, matrix metallopeptidase; GC, glucocorticoid; Runx2, runt-related transcription factor 2. Figure 5 . Effect of GCs treatment on osteoclast differentiation, as measured by TRAP staining. TRAP-positive multinucleated cells located at the bone surface within the bone destruction were considered to be osteoclasts. Compared with the control group, the number of osteoclasts in the areas of bone destruction was significantly decreased in the GC-treated group. The data are presented as the mean ± standard deviation ( * P<0.05, vs. the control group). GC, glucocorticoid; TRAP, tartarate-resistant acid-phosphatase; intracellular optic density value of immunohistochemical staining. Figure 4 . Effect of GCs treatment on the expression of RANKL. Cellular localization and protein expression of RANKL were measured using immunohistochemistry. No significant difference in RANKL expression was observed between the GC-treated and control groups. The data are presented as the mean ± standard deviation. GC, glucocorticoid; RNAKL, receptor activator of nuclear factor-κB ligand; intracellular optic density value of immunohistochemical staining.
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bone formation, including osteoclast or osteoblast differentiation, lipid metabolism and expression of associated transcription factors. Almost all bone diseases, including osteonecrosis, are associated with the imbalance of bone remodeling. Bone remodeling is primarily maintained by the dynamic balance of osteoclast and osteoblast activity. Osteoblasts synthesize the new bone and osteoclasts digest the old one. Osteoblasts and osteoclasts interact with each other to complete their functions. Osteoblasts, as specialized bone-forming cells, have a variety of roles in bone remodeling, including the expression of osteoclastogenic factors, synthesis of bone matrix and bone mineralization. Pluripotent mesenchymal precursor cells differentiate into a variety of cells, including adipocytes, myocytes, chondrocytes and osteoblasts, under the guidance of a series of regulatory transcription factors, including Runx2 and osterix (22) .
The expression of Runx2 occurs prior to the differentiation of osteoblasts and only in mesenchymal precursor cells destined to chondrocytes or osteoblasts. Runx2 is considered to be the predominant transcription factor that regulates bone formation (23, 24) , since Runx2-knockout mice lack cartilage and osteoblasts (25, 26) . Runx2 is also essential during the process of expression of osteocalcin, a specific marker of late osteoblasts (27) . Through the regulation of osteocalcin expression, Runx2 promotes bone formation by differentiated osteoblasts.
Osterix is a transcription factor acting downstream of Runx2 during osteoblast differentiation (19, 26) . Osterix knockout mice develop normally in the shape of a skeleton composed only of cartilage, and exhibit no osteoblasts or the mineralized matrix. This normal cartilage skeleton contains fully differentiated chondrocytes, thus it is hypothesized that osterix has a specific role downstream of Runx2 during osteoblast differentiation (28) . Runx2 acts at the initial stage of the differentiation of the mesenchymal precursor cells into preosteoblasts, and osterix predominantly acts at a later stage to promote the process of differentiation of the preosteoblast into the functional osteoblast (19) . The two transcriptional factors, Runx2 and osterix, regulate the process of osteoblast differentiation.
Thus far, the influence of GCs on osteoblast and associated transcription factors is controversial. A previous study demonstrated that elevated Runx2 levels in osteonecrotic cases resulted in an increase of osteoblasts, correspondingly (29) . Weinstein et al (30) demonstrated that GC-induced osteonecrosis resulted in decreased osteoblasts in vivo. Additional studies indicated that the osteogenic abilities of bone marrow stromal cells are not defective in osteonecrotic cases (31, 32) . The results of the present study demonstrated unchanged mRNA levels of Runx2 and increased levels of osterix in the GC-treated group, compared with the control group. Therefore, the data indicated that GCs promoted the differentiation of pre-osteoblast into functional osteoblast, but cannot influence the stage of the differentiation of mesenchymal precursor cells into pre-osteoblasts in the GC-induced osteonecrosis mice model.
Osteoclasts, derived from hematopoietic stem cells, have a key role in bone resorption in bone remodeling (33) . Osteoclasts differentiation and function are determined by the RANKL/OPG ratio. OPG is a cognate inhibitor of RANKL and a physiologically negative regulator of osteoclastogenesis (34) (35) (36) . Previous studies indicated that only undifferentiated cells assist osteoclastogenesis, compared with fully or partially differentiated cells (36) . The overall number of RANKL and OPG depends on the differentiation stage of osteoblasts. Pre-osteoblast cells express low levels of OPG and relatively high levels of RANKL, resulting in enhancement of the osteoclast differentiation and function. However, mature osteoblasts express low levels of RANKL and relatively high levels of OPG, resulting in reduction of osteoclast differentiation and function.
The results of the present study demonstrated a significant decrease in the RANKL/OPG ratio and TRAP-positive multinucleated cells in the GCs-induced osteonecrosis mouse model, indicating that the osteoclast number was decreased, and the osteoclast activity was inhibited. According to the hypothesis that expression of RANKL and OPG by osteoblasts depends on the differentiation stage of the osteoblasts, the present study hypothesized that due to overexpression of osterix induced by GCs, mature osteoblasts were increased, resulting in an increase of OPG. The RANKL/OPG ratio was subsequently decreased and osteoclast activity was inhibited. The results of the present study demonstrated that an increase in the number of mature osteoblasts may led to overexpression of osteocalcin, an inhibitor of osteoclasts. Osteoblasts and other cells, such as fibroblasts, have two specific transcripts, one encoding Runx2 and the other osteocalcin, and the transcripts are expressed upon differentiation of these cells. Furthermore, the results indicated that the mRNA expression of MMP-9 was reduced in the GC-treated group compared with the control group. It is widely accepted that MMP-9, primarily expressed by destined osteoclast precursors and osteoclasts, has an important role in bone resorption and formation (37) . Therefore, the present study hypothesized that GCs may further inhibit osteoclast activity by reducing the mRNA expression of MMP-9.
In conclusion, the present study demonstrated that in the osteonecrosis mouse model, GCs decreased osteoclast differentiation by decreasing the RANKL/OPG ratio, and additionally inhibited osteoclast function by decreasing TRAP-positive multinucleated cells and MMP-9 expression. The data of the present study suggested that the GCs decreased formation/differentiation of osteoclasts, therefore, reducing the ability of osteoclasts to resorb the 'old bone', resulting in bone necrosis.
